Abstract Many bacterial epiphytes of agar-producing seaweeds secrete agarase that degrade algal cell wall matrix into oligoagars which elicit defense-related responses in the hosts. The molecular defense responses of red seaweeds are largely unknown. In this study, we surveyed the defense-related transcripts of an agarophyte, Gracilaria changii, treated with β-agarase through next generation sequencing (NGS). We also compared the defense responses of seaweed elicited by agarase with those elicited by an agarolytic bacterium isolated from seaweed, by profiling the expression of defense-related genes using quantitative reverse transcription real-time PCR (qRT-PCR). NGS detected a total of 391 differentially expressed genes (DEGs) with a higher abundance (>2-fold change with a p value <0.001) in the agarase-treated transcriptome compared to that of the non-treated G. changii. Among these DEGs were genes related to signaling, bromoperoxidation, heme peroxidation, production of aromatic amino acids, chorismate, and jasmonic acid. On the other hand, the genes encoding a superoxide-generating NADPH oxidase and related to photosynthesis were downregulated. The expression of these DEGs was further corroborated by qRT-PCR results which showed more than 90 % accuracy. A comprehensive analysis of their gene expression profiles between 1 and 24 h post treatments (hpt) revealed that most of the genes analyzed were consistently upregulated or downregulated by both agarase and agarolytic bacterial treatments, indicating that the defense responses induced by both treatments are highly similar except for genes encoding vanadium bromoperoxidase and animal heme peroxidase. Our study has provided the first glimpse of the molecular defense responses of G. changii to agarase and agarolytic bacterial treatments.
accuracy. A comprehensive analysis of their gene expression profiles between 1 and 24 h post treatments (hpt) revealed that most of the genes analyzed were consistently upregulated or downregulated by both agarase and agarolytic bacterial treatments, indicating that the defense responses induced by both treatments are highly similar except for genes encoding vanadium bromoperoxidase and animal heme peroxidase. Our study has provided the first glimpse of the molecular defense responses of G. changii to agarase and agarolytic bacterial treatments. 
Keywords

Introduction
Diseases in seaweeds are caused by bacteria, fungi, epiphytes, parasites, and viruses (Potin et al. 2002; Gachon et al. 2010) . The surfaces of seaweeds are inhabited by bacteria that use seaweeds as both substratum and nutrient source (Sieburth and Tootle 1981) . The knowledge about seaweed diseases is mainly derived from those observed among cultivated species such as Porphyra, Gracilaria, Undaria, and Laminaria. Some of these diseases can wipe out the entire farms during outbreaks, causing instability of supply in seaweeds, and huge economic loss (Largo 2006) . Red seaweeds belonging to the genus Gracilaria are the main sources (about 65 %) for the world's agar industry (McHugh 2003) . The backbone structure of the agar and agarose in the cell wall matrix of agarophytes consists a chain of alternating D-galactose and L-galactose in agar, or D-galactose and 3,6-anhydro-L-galactose in agarose. These residues are linked to each other by β-(1-4) and α-(1-3) glycosidic bonds, respectively (Craigie 1990; Lahaye and Rochas 1991) . Many marine bacteria produce β-agarase (E. C. 3.2.1.81) which hydrolyzes the β-1-3 linkage between D-galactose and 3,6-anhydro-L-galactose residues in agarose. The hydrolysis of the β-1-3-D-galactosidic linkages in agarose produces neoagarobiose and neoagarosaccharides (Craigie 1990 ). Neoagarosaccharides consisting 6 to 8 repeating units of disaccharides were found to be most active in eliciting respiratory oxidative burst and bactericidal responses of seaweed (Weinberger et al. 2001) . The biological activities of these neoagarosaccharides, including increase in oxygen consumption, release of hydrogen peroxide (H 2 O 2 ), elimination of epiphytic bacteria, and bleaching of thallus tips, have been analyzed in Gracilaria conferta (Weinberger et al. 2001) .
The sensitivity to agar oligosaccharides was believed to be ubiquitous but specific to seaweeds belonging to the family of Gracilariaceae, also known as gracilarioids (Weinberger et al. 1999) . A previous study conducted on 17 species of seaweeds belonging to Gracilariaceae which were categorized into 4 subgenera: Gracilaria sensu stricto, Hydropuntia, Gracilaria chilensis clade, and Gracilariopsis, showed that all gracilarioids were able to emit H 2 O 2 after the application of agar oligosaccharides (Weinberger et al. 2010) . However, the mechanisms of H 2 O 2 emission in some of these gracilarioids were demonstrated to be different. Gracilarioids belonging to subgenera Gracilaria sensu stricto and Hydropuntia were demonstrated to have a H 2 O 2 emission mechanism which involves NADPH oxidase (Weinberger et al. 2010) . In addition, all gracilarioids examined except for Gracilaria tenuistipitata var. liui and Gracilaria sp. Bdura^(that belong to G. chilensis clade and Hydropuntia subgenus, respectively) were able to emit H 2 O 2 by oxidizing agar oligosaccharides. The agar oligosaccharide-activated oxidative burst was proposed to be a mechanism that provides additional defensive capacity to the most recently differentiated clades of gracilarioids (Weinberger et al. 2010) .
The generation of H 2 O 2 in G. chilensis (in G. chilensis clade according to Weinberger et al. 2010) and G. conferta (in Gracilaria sensu stricto according to Weinberger et al. 2010 ) was demonstrated to be located in the apoplast and plasma membrane, respectively (Weinberger et al. 2005) . In G. chilensis, agar oligosaacharides might serve as substrates for the production of H 2 O 2 through the oxidation of agar oligosaccharides to aldehydes, which may play a role in defense. On the other hand, agar oligosaccharides may act as signals that activate NADPH oxidase that requires protein phosphorylation in a signal transduction cascade in G. conferta. The reactive oxygen species (ROS) generated may act directly as biocide (Weinberger and Friedlander 2000a) leading to the production of other cytotoxic metabolites (Weinberger et al. 2005) .
In this study, we systematically analyzed expressed transcripts involved in the defense responses of a tropical agarophyte with high agar yield and gel strength, treated with β-agarase, through next generation sequencing (NGS) of mRNA. We also compared the expression of defense-related genes in seaweed elicited by agarase with those elicited by an agarolytic bacterium, by using quantitative reversetranscription real-time PCR (qRT-PCR). Selected genes were also profiled from samples that were harvested 1-24 h post treatments (hpt) to reveal temporal gene expression response.
Materials and Methods
Collection of Seaweed
Gracilaria changii was collected in bunches to minimize thalli fragmentation or breakage from mangrove at Morib (02°45.808′ N; 101°26.143′ E), Selangor, Malaysia. Healthy seaweeds were washed to remove mud and entangling epiphytes before they were kept at 30 parts per thousand (p.p.t.) of synthetic seawater (SSW; Instant Ocean, Aquarium Systems Inc., Sarrebourg, France), pH 7, and 24-30°C with aeration. After pre-incubation for overnight, the seaweeds were divided into two separate tanks with a fresh-weight density of approximately 40 g seaweed per liter of SSW.
Isolation and Identification of Agarolytic Bacterium
Agarolytic bacterium was isolated from approximately 10 g of unhealthy G. changii with Bbleached^thalli and disintegrated epidermis collected from the above mentioned collection site. The tissues were homogenized in 50 ml of SSW in a blender. Screening for agarolytic bacteria was performed by spreading 100 μl of the seaweed homogenate on Marine Agar plates 2216 (Difco, BD, USA) and incubated at 25-28°C for approximately 5 days. Colonies that formed pits or clearing zones on the agar were picked and streaked successively until single and pure colonies were obtained. A pure bacterial strain with high agarolytic activity designated as agarolytic bacteria strain 1 (ABS1) was propagated in Marine Broth 2216 (Difco, BD, USA) at 100 rpm, 25°C. Pure bacterial culture was maintained in Marine Broth with 7 % DMSO at −80°C.
Identification of ABS1 was conducted by 16S rDNA analysis. Briefly, genomic DNA was prepared by lysozyme lysis (Surzycki 2000) and treated with RNase. Universal bacteria primer 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) (Lane 1991) were used for PCR. The PCR mixture (30 μl) contained approximately 1 ng DNA template, 0.2 μM of each primer, 0.2 nM of each dNTP, 1 mM of MgSO 4 , and 0.5 U KOD Hot Start DNA Polymerase (Novagen, Toyobo, Japan) in 1X PCR buffer provided. Amplification was conducted in a BioRad MyCycler thermal cycler (BioRad, Hercules, CA, USA) programmed as follows: an initial denaturation at 94°C for 2 min; 30 cycles of 94°C for 15 s, 55°C for 30 s, and 68°C for 2 min; and a final extension at 68°C for 5 min. The amplified 16S rDNA was cloned into yT&A (Yeastern Biotech, Taiwan) and sequenced. The result was compared to the nucleotide database at the National Center for Biotechnology Information (NCBI) with Basic Local Alignment Search Tool (BLASTN) (Altschul et al. 1997) . Alignment of the ABS1 sequence with reference sequences, calculation of distance matrices for the aligned sequences (Jukes and Cantor 1969) , and reconstruction of phylogenetic trees based on neighbor-joining method were conducted in MEGA version 5 (Tamura et al. 2011) . Bootstrap confidence values were obtained from 1000 resamplings.
Treatments of Seaweed
For the agarase treatment, two tanks each containing approximately 240 g of seaweeds in 6 L of SSW were used. A total of 5000 U β-agarase from Pseudomonas atlantica (E. C. 3.2.1.81; Sigma Aldrich, St. Louis, MO, USA) was dissolved in 1 ml of 50 mM potassium phosphate buffer, pH 6, and added to one of these tanks, hereafter known as Bagarasetreated sample^; whereas seaweed in the other tank was labeled as Bagarase-control sample.^The agarase treatments were repeated twice to collect samples for sequencing and gene expression profiling. For the agarolytic bacterial treatment, ABS1 was cultured in Marine Broth at 100 rpm, 25°C until the culture reached a mid-exponential phase (average OD 600 =0.786). The cells were harvested, washed with 20 ml sterile SSW, and resuspended in 280 ml sterile SSW. To estimate the number of bacteria in SSW, 1 ml bacterial sample was diluted 10-fold and plated on Marine Agar plates in duplicate. Colony-forming units (cfu) of bacteria that formed pits (decomposed agar) were calculated after 2 days. Each of the two tanks employed in this treatment contained 320 g of G. changii in 8 L of SSW. For the tank with BABS1-treated sample,^approximately 220 ml (1.335×10 7 CFU/ml) ABS1 was added. The same amount of SSW without ABS1 was added into another tank labeled as BABS1-control sample^. Approximately 80 g of the treated and control seaweed samples were collected after 1, 6, and 24 hpt, respectively; and frozen in liquid nitrogen before storage at −80°C for RNA extraction. The remaining seaweed samples were left in the tank for 1 week for further observation.
RNA Preparation
RNA was extracted from treated and untreated G. changii thalli as described by Chan et al. (2004) . The amount and quality of the RNA samples were examined using Implen NanoPhotometer (Munich, Germany) and formaldehyde agarose gel electrophoresis. Only RNA samples with absorbance ratios at A 260 /A 280 and A 260 /A 230 that were between 1.8 and 2.0 and more than 2, respectively, and intact (with 25S and 18S ribosomal RNAs in a ratio of approximately 2:1) were processed for NGS and qRT real-time PCR.
Massive RNA Sequencing and De Novo Assembly of RNA-seq RNA-Seq reads were obtained by sequencing cDNA samples obtained from agarase-treated sample and agarase-control sample pooled from equal amount of cDNA samples from seaweeds at 1-24 hpt, with Illumina's Genome Analyzer (Illumina, CA, US). De novo assembly of RNA-seq reads was performed with Velvet (version 0.7.45, Zerbino and Birney 2008) with an optimized k-mer at 21 using default parameters. Prior to that, assemblies were conducted at k = 17, 19, 21, and 23, respectively. The optimal k-mer was determined based on the highest median length-weighted contig length (N50) obtained. Assembled sequences that were less than 100 nucleotides and with coverage less than 5 were discarded.
Identification of DEGs in G. changii Treated with Agarase
The mRNA reads were mapped to the assembled mRNA contigs using Bowtie mapping algorithm (Langmead et al. 2009 ) and computed in a text file. The identification of DEGs was performed with DEGseq (Wang et al. 2010) . Sequences with a p value less than 0.001 and a fold change of more than 2 were considered as being significantly expressed.
Annotation of Contigs
The DEGs were translated into six reading frames and compared with SwissProt database at NCBI using the default setting of BLASTX program, which compared translated nucleotide sequences with protein sequences. The DEGs were also compared with 8088 expressed sequence tags (ESTs) of G. changii generated from a previous project (Teo et al. 2007 ) using BLASTN. Matches with E-values equal or less than 10 −5 and 10 −10 were treated as Bsignificant matches^for SwissProt and G. changii EST databases, respectively. Sequences with no hits or matches with E-values more than 10 −5 and 10 −10 to proteins in NCBI and ESTs, respectively, were classified as Bnon-significant matches.Q uantitative Reverse Transcription Real-time PCR
First strand cDNA was synthesized from 3 μg DNAse I-treated total RNA using AffinityScript QPCR cDNA Synthesis Kit (Stratagene, Agilent Technologies, USA). A Bno-RT control^was generated to check for genomic DNA contamination. The primers (Table 1) were designed with Primer Premier 6 software (Premier Biosoft International, CA, USA). Most of the forward primers annealed to the coding region while the reverse primer annealed to the 3′-untranslated region of cDNA sequences to increase the specificity of primers. All qRT real-time PCR was performed with Brilliant III Ultra-Fast QPCR Master Mix (Agilent Technologies, USA) on iCycler iQ5 (BioRad, USA). The reaction mixture (20 μl) contained cDNA (approximately 20 ng for selection of endogenous control and 40 ng for gene expression analyses), 1xSYBR Green QPCR master mix and 200-500 nM forward and reverse primers. All reactions were performed in triplicate and a Bno template control^was included for each primer pair. The cycling parameters were programmed as follows: 95°C for 3 min; and 40 cycles of 95°C for 5 s, and 60°C for 10 s. Amplification of a single PCR product (a single sharp peak) from each experiment was monitored by a melting curve analysis. Endogenous control genes were selected from four candidate genes (encoding histone, polysaccharide pyruvyl transferase, cytosolic fructose-1,6-biphosphatase, and one unknown protein) that exhibited constant expression from NGS of the seaweed transcriptomes. Three endogenous control genes with the highest stability in treated and untreated seaweed samples were selected with geNorm version 3.5 (Vandesompele et al. 2002) for normalization of gene expression levels. The endogenous control genes selected encode for histone, polysaccharide pyruvyl transferase, and cytosolic fructose-1,6-biphosphatase, respectively. The gene expression of a total of 22 DEGs predicted in silico was analyzed with qRT real-time PCR in two cDNA samples combined from the treated and control seaweed samples from 1, 6, and 24 hpt, respectively. Temporal expression analysis of selected genes was also performed on cDNA from seaweed samples harvested at 1, 6, and 24 hpt, respectively. The results obtained were analyzed with geNorm version 3.5 (Vandesompele et al. 2002) . The transcript abundance was expressed as relative fold-change in comparison with that in the control samples for each candidate gene (for verification of DEGs) or relative fold-change in comparison with that in the control samples at respective time points for each candidate gene (temporal gene expression analysis).
Results and Discussion
Massive-scale RNA Sequencing of G. changii and Transcriptome Analyses
Massive-scale RNA sequencing of treated and untreated G. changii thalli with agarase produced approximately 1.5× 10 7 reads corresponding to 5.23×10 8 and 5.29×10 8 bases raw sequence data, respectively. The data were deposited in European Nucleotide Archive (ENA) under accession No.: PRJEB7650. In the absence of a reference genome, de novo assembly of short reads was performed with an optimized kmer at 21. These short reads were then assembled de novo into 23,039 assembled sequences. The number of transcripts predicted by de novo assembly may be more than the actual number of transcripts in the transcriptomes as some of the sequences could represent different parts of the same transcript that could not be assembled into a contig. We managed to match 5126 of these sequences to 3499 ESTs generated previously (Teo et al. 2007 ) with E-values equal or less than 10
. The low number of matches may due to limited number of available G. changii ESTs in the database. Although the transcriptomes reported in this study may not cover the complete set of transcripts in this seaweed, the depth of RNA sequencing has far exceeded what we have achieved previously through the generation of ESTs (Teo et al. 2007) .
Functional annotation of these sequences revealed that approximately 28 % of them (i.e., 6388) have significant matches with the peptide sequences in the Swissprot database, while our previous finding showed that only about 35 % of the ESTs from G. changii have significant matches (also with E-values equal or less than 10
) with the peptide sequences in the non-redundant protein database (Teo et al. 2007 ). The percentage for sequences from G. changii that have matches with either database is generally low. Among the de novo assembled sequences, 731 of them were found to be differentially expressed in the transcriptome of the agarase-treated G. changii compared to the non-treated G. changii, with a p value threshold of 0.001 and a minimal fold change of 2. A total of 391 and 340 of them were found to be upregulated and downregulated in G. changii treated with agarase, respectively. The transcripts that were upregulated during agarase treatment were transcripts encoding various peroxidases, tyrosine biosynthetic enzymes, ATPases, and oxylipin/fatty acid biosynthetic enzymes while the transcripts that were downregulated include transcripts related to photosynthesis, superoxide-generating NADPH oxidase etc.
(Online Resource Table S1 ). Our results revealed that agarolytic enzyme and its products could elicit defense responses in G. changii. qRT real-time PCR was performed to verify the DEGs identified from the seaweed transcriptome (Online Resource Table S1 ). Among the 22 genes selected for verification, 20 of them (90.9 %) were shown to be differentially expressed in agarase-treated G. changii compared to the non-treated G. changii, thus demonstrating that the DEGs identified in silico were highly accurate ( Table 2 ). The two genes that showed different expression profiles when analyzed with NGS and qRT real-time PCR were GcVBPO2 and GcAHPH2 (Table 2 ). These two genes were found to be slightly downregulated by qRT real-time PCR analysis instead of being upregulated as detected by NGS. These two genes belong to gene families with members that share high sequence identities which could have affected the accuracy of the mapping of reads for in silico gene expression analyses. Among the 20 genes that share the same expression patterns when analyzed with qRT realtime PCR and NGS, four genes i.e., GcPMCA, GcVBPO1, GcEPSP, and GcOPR displayed more than 2-fold upregulation relative to that of the control sample. Overall, the DEGs predicted in silico were highly reliable as corroborated by qRT real-time PCR.
Profiling the Transcripts of G. changii Treated with Agarolytic Bacterium
We also compared the gene expression profiles of selected genes in agarase-treated G. changii with those in G. changii treated with the agarolytic bacterium, ABS1 which was isolated from diseased thalli of G. changii (Table 2 ). This bacterium produces circular, off-white, smooth colonies with shallow pits when grown on Marine Agar plates for 2 days. Alignment of the 16S rRNA gene sequence of ABS1 (GenBank accession No. KP844652) with the nucleotide (nr/nt) database in GenBank revealed that this sequence shares the highest identities with sequences of two Aliagarivorans species (Jean et al. 2009) , with a sequence identity of 96.7 and 96.8 %, respectively. The 16S rRNA gene sequence of ABS1 also showed high identities with the nucleotide sequences of seven Agarivorans species (Kurahashi and Yokota 2004; Du et al. 2011) , with sequence identities between 93.1 and 93.8 %. Phylogenetic analysis of 16S rRNA gene sequence of ABS1 suggested that ABS1 could be an Aliagarivorans species which is grouped as one of the Gammaproteobacteria with close relationship to Alteromonadaceae (Online Resource Fig. S1 ).
In this study, the culture medium containing peptone and yeast extract was removed before ABS1 was added to G. changii for treatment so that the bacterium will feed on the cell wall of G. changii to obtain its supply of carbon source. Although no obvious symptoms of disease have been observed on the agarolytic bacteria treated G. changii up to 1 week, the changes in gene expression of some of the candidates (especially GcVBPO2) indicates that the agarolytic bacteria treatment had successfully induced the defense reactions in this seaweed. Most of the genes analyzed were consistently upregulated or downregulated by both agarase and agarolytic bacterial treatments, indicating that the defense responses induced by agarolytic enzyme and its products are highly similar to that induced by ABS1 in G. changii. However, the expression profiles of some of these genes in ABS1-treated G. changii were also demonstrated to have some differences compared with those in agarase-treated G. changii (Table 2) . Instead of being downregulated as observed in agarase-treated sample, two genes (GcVBPO2 and GcAHPH2) were upregulated in ABS1-treated sample compared to the control sample. In addition, the changes in gene expression due to ABS1-treatment were relatively low compared to those in agarase-treated G. changii. Among the 22 genes investigated, only one of them (GcVBPO2) displayed more than 2-fold upregulation in ABS1-treated G. changii compared to those in the control sample. The possible reasons that are accountable for the differences are discussed in the subsequent section.
Temporal Gene Expression Profiles of DEGs in Treated
G. changii qRT real-time PCR was also conducted to profile gene expression of selected genes at individual time points at 1, 6, and 24 hpt. From the 22 selected genes analyzed by qRT real-time PCR, 16 and 10 of them were selected for further gene expression profiling at different time points upon agarase and agarolytic bacterial treatments, respectively. These genes were selected based on their roles in seaweed defense and changes in gene expression level in treated samples relative to that in the control samples as detected by qRT real-time PCR analysis. The relative abundance of transcript of candidates in response to agarase and agarolytic bacterial treatments at different time points was summarized in Figs. 1 and 2 , respectively.
The gene expression of most of the genes tested was upregulated at 1 hpt in agarase-treated samples compared to that of the untreated sample at the same time point, with 6 of them (GcERCA, GcPMCA, GcVBPO1, GcEPSP, GcTAT, and GcOPR) showed more than 2-fold upregulation. The gene expression of candidate genes displayed rather different expression profiles during the agarolytic bacterial treatment: (1) three candidates (GcAO, GcVBPO1, and GcAHPH1) were downregulated at 1 and 6 hpt but upregulated as treatment progressed; (2) two candidates (GcVBPO2 and GcAHPH2) were upregulated at all 3 time points; (3) three candidates (GcEPSP, GcALPX and GcOPR) with slight upregulation (<2-fold) at two or three points; and (4) two candidates (GcNADPH and GcLPLAT) with negligible increases in their gene expression (<1.5-fold) throughout the treatment.
Several reasons may account for the differences in gene expression patterns and expression levels of these genes in seaweeds treated with agarase and agarolytic bacterium. Firstly, agarase may generate agar oligosaccharides which serve as microbe-induced molecular patterns (MIMPs) that triggered the defense response of agarase-treated G. changii; while the defense responses in ABS1-treated G. changii may due to exogenous elicitor generated by the agarolytic bacterium (also known as microbial associated molecular patterns (MAMPs)), in addition to MIMPs. Exogenous elicitors or MAMPs are anabolic products of bacteria which are present in the form of their outer membrane, cell wall, or excretions (Weinberger and Friedlander 2000b) , while endogenous elicitors or MIMPs are generated from the seaweed cell wall by agarase produced by the agarolytic bacteria. During the process Secondly, the level of changes in gene expression of seaweed upon treatments may depend on the amount and type of agarolytic enzyme(s) exerted in the treatments. Although ABS1 was shown to be able to produce agarolytic enzyme(s), the amount of enzyme being produced was unknown in the ABS1-treated seaweed. In addition, various types of agarases with diverse structures and modes of action have been reported previously, producing distinct degradation products (Fu and Kim 2010; Chi et al. 2012) . While β-agarase from P. atlantica was used for the agarase treatment, the type(s) of agarase being produced by ABS1 was unknown. The amount and type of agarolytic enzymes may affect the downstream defense responses of G. changii in these two different treatments.
Thirdly, the interaction of ABS1 with other co-existing bacteria on the seaweed surface may affect the defense response of treated G. changii. Although the seaweed samples were carefully washed and pre-incubated in synthetic seawater, there may still be remaining microbial communities reside on the seaweed. Some of the seaweed-associated bacteria may 2.0 Fig. 1 The relative abundance of transcript of candidates in response to agarase treatment at different time points. The transcript abundance was expressed as relative fold-change (the numbers above each bar) to that of untreated seaweeds at respective time points for each gene, after normalization to three endogenous controls. The standard deviations were calculated from the result of three technical replicates have inhibitory activity against other competitive bacteria (Egan et al. 2013 (Egan et al. , 2014 , hence may slow down the elicitation of G. changii defense responses by ABS1. Our findings suggested that appropriate defense responses of G. changii can be shaped through the regulation of gene expression according to challenges posed by different treatments.
The upregulation of GcERCA and GcPMCA at 1 hpt indicates that calcium signaling happened as early as 1 h after agarase treatment in G. changii. The products of these genes (putative endoplasmic reticulum calcium-transporting ATPase and plasma membrane calcium-transporting ATPase, respectively) catalyze active transport of Ca 2+ from cytosol against electrochemical gradient into extracellular space or intracellular organelles (Tuteja and Mahajan 2007) . Calcium signals have been reported to be responsible for Ca 2+ -dependent activation of protein kinases such as the mitogen-, salicylic acid-, wound-activated protein kinases (Dodd et al. 2010) , NADPH oxidase (Pugin et al. 1997) , and phytoalexin synthesis (Milat et al. 1991; Lecourieux et al. 2002) in other plants. On the other hand, a slight upregulation of GcDSP in agarasetreated seaweeds at 24 hpt suggested that the mitogenactivated protein kinase (MAPK) cascade could be happening. GcDSP which encodes a putative dual specificity protein phosphatase may be involved in the regulation of magnitude, duration, and physiological outcome of MAPK activation (Meng and Zhang 2013) .
Negligible differences (<2-fold) were detected in the expression of GcNADPH at all three time points in seaweeds treated with agarase or ABS1, as opposed to their control samples. The gene expression of GcNADPH was downregulated in agarase-treated samples at 1 and 6 hpt and in ABS1-treated sample at 1 hpt. Previous study demonstrated that exposure of G. conferta and G. chilensis to agar oligosaccharides resulted in an immediate release of H 2 O 2 (Weinberger et al. 2005) . In G. conferta, the respiratory oxidative burst response was due to the activation of NADPH oxidase. A transient increase of H 2 O 2 level was achieved in less than 10 min after treatment with agar oligosaccharides and maintained for a short duration. This transient increase of H 2 O 2 was followed by a refractory state. Recovery from refractory state can only be achieved several hours after the first oxidation burst. G. chilensis has a different H 2 O 2 emission mechanism. It releases H 2 O 2 by oxidizing agar oligosaccharides. Maximal H 2 O 2 concentrations were generally observed from 20 to 30 min after treatment and remained stable for more than 30 min (Weinberger et al. 2005) . The rbcL sequences of G. changii from Malaysia (AY769249-AY769251) have high identities (95-96 %) to that of G. changii (AY049388) reported by Gurgel and Fredericq (2004) . Since G. changii was placed by Yang et al. (2008) together with gracilarioids belonging to the subgenus Hydropuntia from Weinberger et al. (2010) , it is expected to respond to agar oligosaccharides with a respiratory oxidative burst as in G. conferta from Israel (reclassified as Gracilaria sp. Bdura^by Weinberger et al. 2010) which is also in the subgenus Hydropuntia. Gene expression profiling of GcNADPH at 1 hpt may have captured its gene expression level coinciding with the refractory stage of H 2 O 2 release which can only be reverted several hours after the first oxidation burst. The gene expression levels of GcNADPH at 6 and 24 hpt were indeed higher than that at 1 hpt (Figs. 1 and 2) .
The gene expression of GcAO responded differently to agarase and ABS1 treatments. GcAO was downregulated in agarase-treated and ABS1-treated samples at 24 and 1 hpt, respectively. The slight upregulation of GcAO upon agarase challenge (at 1 and 6 hpt) and ABS1-treatment (at 6 and 24 hpt) may increase H 2 O 2 accumulation in apoplast and possibly MAPK activity (García-Pineda et al. 2004; Pignocchi et al. 2006 ). Further investigation is required to understand the complexity of AO transcription under these two different conditions.
The increased expression of GcVBPOs upon agarase and agarolytic bacterial treatments highlighted the importance of different vanadium-dependent bromoperoxidases (VBPOs) in the defense mechanism of G. changii. In gracilarioids, regulation of haloperoxidation during agar oligosaccharideactivated defense mechanism was demonstrated to be dependent on the sources of H 2 O 2 production ). Since G. changii is closely related to gracilarioids belonging to the subgenus Hydropuntia, it is expected to produce H 2 O 2 through the activation of NADPH oxidase (Weinberger et al. 2010) and results in marked increases in iodination, bromination, and chorination ). In addition to the increased availability of H 2 O 2 for haloperoxidases during the respiratory oxidative response, our results demonstrated that haloperoxidation in G. changii can also be regulated by changing the transcription level GcVBPOs upon agarase and ABS1 treatments.
The differential gene expression profiles shown by GcVBPO1 and GcVBPO2 suggested that these genes respond to different signals and may have different functions. Cosse et al. (2009) demonstrated that the expression of genes associated with the production of volatile halogenated organic compounds could involve a few pathways that are dependent on ROS, early phosphorylation, and MAPK. It is unknown which of these pathways are involved in the regulation of GcVBPOs. The upregulation of GcVBPO2 in ABS1-treated G. changii, but not agarase-treated G. changii, indicates that it may be a downstream gene upon the interaction of seaweed with the agarolytic bacterium or its associated MAMPs. The products of GcVBPO2 may involve in the disruption of quorum sensing of bacteria (Borchardt et al. 2001; Zhang et al. 2009; Sandy et al. 2011) . The necessity to compensate for constant dilution of halogenated organic compounds in the aquatic environment (Weinberger 2007 ) may explain the drastic increase (9.9-fold) of GcVBPO2 in ABS1-treated sample at 1 hpt. The upregulation of GcVBPO1 in agarase-treated sample indicates that MIMPs alone may be sufficient to induce its expression. This gene product of GcVBPO1 may have functional roles that do not involve direct interaction with bacteria, such as scavenging of ROS or strengthening of cell wall (Cosse et al. 2008) .
Compared to the gene expression of their control samples, the two genes, GcAHPH1 and GcAHPH2 encoding putative animal heme peroxidase homologs 1 and 2, respectively, did not display significant upregulation in G. changii upon agarase treatment but were upregulated more than 2-fold at certain time points in G. changii upon ABS1-treatment (e.g., 4.4-fold for GcAHPH1 at 24 h and 2.2-fold for GcAHPH2 at 1 h). The expressions of these two genes are apparently more responsive to agarolytic bacteria which may involve the perception of MAMPs in addition to MIMPs. Different temporal expression patterns of these two genes upon ABS1-treatment (e.g., the highest expression for GcAHPH1 and GcAHPH2 at 24 and 1 h, respectively) suggested that they may function at different stages of bacterial invasion.
GcEPSP, GcTAT, and GcPDT encode putative 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, tyrosine aminotransferase, and prephenate dehydratase, respectively, that are involved in aromatic amino acid biosynthesis. The drastic increase (10.1-fold) in the transcript abundance of GcEPSP in agarase-treated seaweed at 1 hpt indicates that G. changii may rely heavily on chorismate-derived metabolites to deal with detrimental effect triggered by endogenous elicitor. Chorismate is a common precursor for L-tyrosine (Tyr), L-phenylalanine (Phe), and L-tryptophan (Trp). These aromatic amino acids in turn serve as central molecules for the biosynthesis of a myriad of metabolites including those necessary for plant defense against pathogens, such as phytoalexins, glucosinolates, alkaloids, flavonoids, and others (Tzin and Galili 2010; Maeda and Dudareva 2012) . Chorismate also acts as a substrate for the synthesis of plant hormones such as auxin and salicylate which serve as signaling molecules in plant defense mechanism (Iriti and Faoro 2009; Mazid et al. 2011; Maeda and Dudareva 2012) . The rapid and intensive induction of GcEPSP may ensure the timely production of defensive metabolites required. An increase in EPSP synthase expression at 3 h after inoculation with endogenous elicitor oligogalacturonides was also reported in Arabidopsis (Ferrari et al. 2007 ). However, as opposed to gene expression in agarase-treated G. changii, GcEPSP did not display significant expression changes in ABS1-treated G. changii. The upregulation of GcTAT in agarase-treated seaweed at 1 hpt (3.9-fold) suggested that G. changii may synthesize Tyr and Phe through 4-hydroxyphenylpyruvate pathway which is predominant for Tyr and Phe biosynthesis in many microorganisms (Maeda and Dudareva 2012) . As for GcPDT, the lack of significant increment in the gene expression upon agarase treatment probably suggests that it may have a less important role in the biosynthesis of Tyr and Phe in agarase-treated G. changii, or the regulation of Tyr and Phe biosynthesis is at translation, post-translation, or enzyme activity levels.
GcOPR encodes a putative 12-oxophytodienoate reductase in G. changii which involves in the conversion of α-linolenic acid to plant defense hormone jasmonic acid (JA) through octadecanoid pathway. The significant upregulation (4.3-fold) of GcOPR at an early stage of agarase treatment implied the importance of JA in the early phase of seaweed response to cell wall degradation. This is in agreement with the role of methyl jasmonate (MeJA) as a crucial cellular regulator that regulates the defense responses against biotic stress in both higher plants (Cheong and Choi 2003) and red macroalgae (Bouarab et al. 2004; Collén et al. 2006) . The rapid and early induction of GcOPR (at 1 hpt) in agarase-treated G. changii is in accord with the putative role of wound-induced MeJA as a signaling molecule, which is critical for timely regulation of defense responses in G. changii. The expression level of GcOPR in ABS1-treated G. changii was notably lower than that detected in agarase-treated G. changii at 1 hpt. However, it is not known whether different signaling pathways may be involved in the induction of MeJA synthesis in these two samples. MeJA was found to induce the expression of genes encoding 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase (the first enzyme in the shikimate pathways) in both Arabidopsis and Chondrus crispus (Collén et al. 2006; Maeda and Dudareva 2012) . GcALPX and GcLPLAT encoding arachidonate 5-lipoxygenase and lysophospholipid acyltransferase, respectively, did not display significant upregulation in G. changii upon agarase and ABS1-treatments, implying that the transcription of these genes may not be responsive to the treatments.
The expression of GcRPG encoding R-phycoerythrin gamma subunit in seaweed in response to agarase treatment was significantly downregulated at all three time points compared to those of the control samples, indicating the repression of photosynthesis. The result is consistent with the universally downregulation of photosynthetic rate (Aldea et al. 2006; Shimizu et al. 2007; Yang et al. 2007; Bozsó et al. 2009 ) and photosynthetic gene transcription (Zou et al. 2005; Berger et al. 2007 ) in plants and macroalgae (Cosse et al. 2008 ) upon biotic stress. The downregulation of photosynthetic genes is often coupled with the upregulation of the defenserelated genes. This is a pivotal characteristic of plant response to stress (Pignocchi and Foyer 2003; Bilgin et al. 2010) .
In summary, our results showed that endogenous or exogenous elicitors generated by agarolytic enzyme and bacterium trigger a series of defense reactions in G. changii including upregulation of calcium signaling, production of Tyr and Phe through 4-hydroxyohrnylpyruvate pathway, bromoperoxidation, heme peroxidation, production of chorismate and JA, and downregulation of photosynthesis.
